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Abstract-The initial velocity pf the oxidation of 4methylcatechol by grape catechol oxidase was determined. The 
kinetic analysis indicates that first there is random binding of an oxygen and a Cmethylcatechol molecule to 
the enzyme. Then one product molecule is released prior to the binding of second 4-methylcatechol molecule 
which is followed by the release of a second product molecule. The true K, values were determined; they were 
found to be @5 mM for oxygen and 17 mM for Cmethylcatechol. 

INTRODUCHON 

Knowledge concerning some of the fundamental proper- 
ties of catechol oxidase is still very limited. A kinetic 
analysis of oxidation by the tea leaf enzyme by Gregory 
and Bendall [l], showed straight parallel double recipm- 
cal plots when the enzyme was catalysing the oxidation 
of most substrates, including Cmethylcatechol under in- 
itial velocity conditions. Some kinetic parameters for the 
tyrosinase from mushrooms [2] and Streptomyces [3] 
have been reported, and sequential reaction mechanisms 
have been suggested on the basis of the kinetic analysis. 

Bonner [4] has pointed out that the nature of the oxi- 
dation of monophenols, the cresolase activity and of odi- 
pherols, the catecholase activity of catechol oxidase has 
not been entirely clarified. It has been assumed that dur- 
ing the cresolase reaction, the monophenol is first hyd- 
roxylated to an o-diphenol and then further oxidized to 
an orthoquinone by a catecholase reaction. This was first 
suggested by Raper [S] because 3,4dihydroxyphenyla- 
lanine (DOPA) could be isolated when tyrosine was incu- 
bated with tyrosinase and oxygen. Later Evans and 
Raper [6] showed that the rate of oxidation of DOPA 
by tyrosinase was much faster than the rate of oxidation 
of tyrosine. DOPA should therefore not accumulate in 
the reaction mixture. They concluded that another path- 
way exists which leads to the accumulat,ion of DOPA. 
A reducing intermediate, S,&dihydroxy-dihydroindole- 
a-carboxylic acid was shown to take part in the reaction 
which reduces dopaquinone back to DOPA. Dressier 
and Dawson [7] and Kim and Tchen [8] published evi- 
dence that the cresolase reaction might not necessarily 
proceed through the formation of an odihydroxy deriva- 
tive. 

Kinetic studies would help to elucidate the mech- 
anisms of these reactions. In this paper we report on 
a study of the kinetics of oxidation of 4-methylcatechol 
by grape catechol oxidase. 

RESULTS AND DISCU!3SON 

In a previous paper [9] we showed that pre-treatment 
of chloroplasts with aqueous acetone solubilized catechol 

oxidase while causing little enzyme denaturation. The 
double reciprocal plots of velocity against substrate con- 
centration obtained with enzyme solubilized in this man- 
ner were curved upwards, and the vm,values were not 
proportional to enzyme concentration. Enzyme activity 
versus oxygen concentration, in 01 M citrate buffer pH 
50, showed Hill coefficients varying between 1.8 and 3.1. 
These characteristics could result from proteieprotein 
interactions and enzyme conformational changes [lo]. 
Such characteristics would readily be obtained in enzyme _ 
released from its membrane and make it unsuitable for 
kinetic analysis. We therefore decided to continue further 
kinetic studies using membrane boundcatechol oxidase 
as it occurs in the intact chloroplasts. 

Freshly prepared chloroplasts from grapes in 05M 
sucrose, containing 01 M sodium acetate buffer pH 4.5, 
showed Michaelis kinetics, and V_ values proportional 
to the chloroplast concentration. Velocities were calcu- 
lated from the tangents of progress curves of change in 
oxygen concentration as a function of time, at various 
Cmethylcatechol (4 MC) concentrations, using freshly 
prepared chloroplasts. The experiments at each Cmethyl- 
mtechol concentration were carried out in triplicate. The 
triplicate values of the velocities at the various concen- 
trations of the substrates were averaged and reciprocals 
calculated. Slopes, intercepts and correlation coefficients 
of the double reciprocal plots were obtained. These para- 
meters were also calculated for the replots of slopes and 
intercepts in the same fashion (Tables 1 and 2, Figs. 1 
and 2). The correlation coefficients obtained varied be- 
tween 0989 and 0999. The slopes decreased progress- 
ively with the progressive increase of concentration of 
the fixed substrate indicating that the double reciprocal 
plots were straight intersecting lines. True K, values were 
calculated from the slope/intercept of the replots of inter- 
cepts versus the reciprocal of the substrate concentration. 
The K, value for oxygen was found to be 05mM, and 
the K, value for 4 MC was found to be 17 mM. 

The stoichiometry of, the catecholase reaction is as- 
sumed to be 2(4_methylcatechol) + O2 ‘q 2@-methyl- 
orthoquinone) + 2H20 [I 11. The quinone formed is 
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known to be unstable in the reaction medium. It under- of the two Cmethylcdtechol molecules. The kinetics may 
goes further non-enzymatic reactions [ 123 which can lead be rendered more complicated, because the kinetics of 
to the consumption of an additional atom of oxygen per the non-enzymatic reaction are superimposed on the km- 
molecule of quinone. By applying the kinetic analysis etics of the enzymatic reaction. Nevertheless, the kineti- 
of Cleland [13], it can be concluded from the linearity cal analysis is applicable if the enzymatic step is rate 
of the plots that an irreversible step occurs between the limiting. 
binding of the oxygen molecule and the binding of one The simplest mechanism which would show straight 

Table 1. A. Slopes, intercepts and correlation coefficients, at 
various oxygen concentrations, of the double reciprocal plots 
of velocity vs Cmethykatechol concentration of fresh grape 

chloroplasts catalysing the oxydation of Cmethylcatechol 

Oxygen 
(mM) Slope Intercept 

Correlation 
coefficient 

0060 0.227 00277 09975 
0.072 0.201 00232 09988 
0,084 0.174 0198 09973 
0.096 0146 00179 Q9977 
0108 0142 00162 09976 
Q120 0139 QO151 09992 
Q132 0131 QO143 09979 
Q144 0124 00132 09984 
0156 0122 00120 09989 
0168 0114 00120 09982 

B. Slopes, intercepts and correlation coefficients of the replots of the intercepts 
and the slopes vs the reciprocal of the oxygen concentration 

Slope Intercept 
Correlation 
coefficient 

Replot of intercepts vs l/O, 
Replot of slopes vs l/O, 

000142 OQO290 09981 
001047 005009 09891 

The slope/intercept of the replot of the intercepts yields a K, value for oxygen 
of 05 n&I. Measurements were made in 0.5 M sucrose containing 0 I M sodium 
acetate buffer pH 4.5 at 26”. Rates are in scale unitsimin. Calculations were 
made using linear regression. 

Table 2. A. Slopes, intercepts and correlation coefficients at 
various Cmethylcatechol concentrations of the double recipro- 
cal, plots of velocity vs oxygen concentration of fresh grape 

chloroplasts catalysing the oxidation of Cmethylcatechol 

QMethyl- 
catechol 

tmM) Slope Intercept 
Correlation 
coefficient 

2.5 000570 00233 1 09942 
50 000336 ml257 Q9917 
7.5 ON)305 OQO834 Q9957 

12.5 OQO226 000695 Q9959 
25.0 0.00176 000636 09925 
5QO 000179 oGO350 09985 

B. Slopes, intercepts and correlation coefficients of the intercepts and the slopes 
vs the reciprocal of the Cmethykatechol concentration 

Slope Intercept 
Correlation 
coefficient 

Replots of intercepts vs 1/4MC 
Replots of slopes vs 1/4MC 

00499 0.00291 Q9920 
00105 WI46 09950 

The slope/intercept of the replot of the intercepts yields a K, value for 
Cmethylcatechol of 17 mM. Experimental conditions and calculations were as 
indicated in Table 1. 



Reaction mechanism of grape catechol oxidase 59 

-I/__ A--w 
[O,ln rnMr &n J 

Fig 1. A. Double reciprocal plots of velocity versus Cmethyl- 
catechol concentration of fresh grape chloroplasts catalysing 
the oxidation of Cmethylcatechol. The numbers next to each 
line indicate oxygen concentration in micromolar. B. Replot 
of the intercepts vs the reciprocal of oxygen concentration. 
C. Replot of slopes vs the reciprocal of oxygen concentration. 
Experimental conditions and calculations as indicated in 

Table 1. 

double reciprocal plots would be the following. One oxy- 
gen molecule and one of the two 4-methylcatechol mole- 
cules bind to the enzyme, leading to the release of one 
product molecule. Only after the release of the first prod- 
uct molecule would the second 4-methylcatechol mole- 
cule bind to the enzyme complex. This would be fol- 
lowed by the release of the second product molecule. 
Our results are similar to those of Gregory and Ben- 
dall [l] since in both cases there was an irreversible step 
between the binding of the two Cmetbylcatechol mole- 
cules. It should however be remembered that there were 
considerable differences between the grape enzyme used 
here and the solubilised tea leaf enzyme used by Gregory 
& Bendall [l]. The latter enzyme was devoid of cresolase 
activity. 

-i Duckworth & Coleman [2] and Lerch & Ettlinger [3] 
calculated kinetic constants by fitting their experimental 
data to biiubstrate rate equations. This can only give 
satisfactory results if the first sequence of the reaction 
is rate limiting. We therefore tested whether the reaction 
rates of the grape catechol oxidase fit Cleland’s equa- 
tion [13] for bireactant mechanisms: 

’ = KJC, + K,,kA+B K& + AB 

where v is the initial velocity, A & B are substrate con- 
centrations, Vis V_% K, & Kb are Michaelis constants 
& KI, & K, are substrates inhibition constants. We de- 
termined the K, values for O2 and 4-methylcatechol ac- 
cording to Cleland [13]. Kt for oxygen was found to be 

-5 0 5 IO I5 

[o,in mtd]’ 

‘0 

t 
E 

Fig. 2 A. Double reciprocal plots of velocity vs oxygen con- 
centration of fresh grape chlorophsts catalyeing the oxidation 
of Cmethylcatechol. The numbers next to each line indicate 
4-methylcatechol concentrations in millimolar. B. Rcplot of 
intercept vs the reciprocal of 4-methylcatcchol concentration. 
C. Replot of slope vs the reciprocal of Cmethylcatechol con- 
centration. Experimental conditions and calculations were as 

indicated in Table 2 
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021 mM and for 4-methylcatechol 7-37 mM. We com- 
pared the experimentally observed rates and those ob- 
tained by inserting the K,K, & V&values into the eqa- 
tion for bireactant mechanisms. In all cases observed and 
calculated vahes showed very good agreement, the aver- 
age deviation being 2$/L from the experimentally ob- 
served rates. From this it is clear that the first sequence 
of the reaction must be rate limiting. If this were not 
so great divergence between calculated and observed va- 
lues of u would have been obtained, as the catechol oxi- 
dase reaction involves 3 substrate molecules. As the reac- 
tion could fit a bireactant mechanisms K,K, & Kid(, 
were calculated. 

NaOAc 01 M pH 4.5 was used and that at all stages the 
chloroplasts were kept in buffered sucrose, pH 4.5. Enzyme 
activity was determined by measuring oxygen consumption 
using a Clark polarographic electrode~acc&Iing to Mayer et 
al. r171. Cakulations were made usina an 8820A Hewlett-Pac- 
karh Calculator programmed for Enear best fit by least 
squares. Commercial 4-methykatechol was recrystallized from 
n-hexane. 

Acknouledgemolr-We would like lo thank Dr. J. Bar-Tana 
for his helpful comments and criticism and for the discussions. 

These were found to be KiolK~c h 357 mM* and 
Ki.,MCK02 = 3.67mM2. These values can only be the 
same in the reaction mechanism is a random binding 
of 0, and Cmethylcatechol [ 133. The binding of the sub- 
strates to catechol oxidase has been considered to be 
ordered [l] although random binding was regarded as 
possible [14]. The random binding can be reconciled 
with the known effect of the phenolic substrate on the 
K, for oxygen. If the relaxation time of enzyme confor- 
mation induced by the phenolic substrate is slow com- 
pared to the time required for one cycle of catalysis then 
random binding would not prevent an effect of one sub- 
strate on the binding of the second one. Such slow relax- 
ations have in fact been reported [15]. Alternatively a 
non-catalytic site for phenol, which controls the K, for 
O2 may be present. 

We have also tried to study the kinetics of the cresol- 
ase reaction, but were not able to obtain interpretable 
data. Double reciprocal plots of velocity against oxygen 
concentration were S-shaped. Furthermore it is known 
from the literature that catechol oxidase undergoes inac- 
tivation during the catccholase reaction while it does not 
during the cresolase reaction [4]. In addition copper ex- 
change is enhanced during the catecholase reaction but 
not during the cresolase reaction [7-J and monophenol 
induces an enzyme conformational change [I63 which 
considerably changes the enzyme’s properties. It seems to 
us, therefore, likely that the mechanisms of the catechol- 
ase and the cresolase reactions differ. 
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EXPERIMENTAL 16. 

Fresh grape chloroplasts were prepared as previously de- 
scribed [9] except that buffer 0.5 M sucrose containing 
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